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Abstract We present data of 129I deposition in fresh snow in the Laohugou glacier basin, northeast
Tibetan Plateau, in summer 2016 and 2017, and trace its source and elevational distribution in the
troposphere. Our results show that the 129I/127I atomic ratios in the fresh snow on the glacier surface are
about 2 orders of magnitude larger than those in the Antarctic fresh snow and 4 orders the prenuclear level,
indicating a predominantly anthropogenic source of the 129I in the mountain glacier environment of
northeast Tibetan Plateau. The 129I level in the Laohugou glacier basin is 1–2 orders of magnitude lower than
at representative European locations, and not signiﬁcantly higher than that observed at other sites in Asia.
The 129I/127I atomic ratio and 129I level show clear increases with elevation from 4,300 to 5,100 m above sea
level. The 129I in the Laohugou glacier basin is probably deposited from the upper troposphere where
there exists a local maximum of 129I. A conceptual model for interpretation of the observed 129I concentration
and proﬁle in Laohugou is provided. Thus, this work is of importance in providing a more complete view on
the transport, dispersion, and removal of 129I in the atmosphere.
Plain Language Summary We measured the concentration measurements of 129I, together with
129I/127I atomic ratios, deposited in the fresh snow at various altitudes, in the Laohugou glacier basin,
western Qilian Mountains, northeast Tibetan Plateau. This unique dataset provides the ﬁrst evidence how 129I
deposition varies with height in the middle troposphere, and a glimpse on the dispersion and pathway of
anthropogenic radioiodine pollutants to the remote Tibetan Plateau glaciers. The dataset is thus an
important addition to the global 129I database. The observations at Laohugou show that 129I increases, in
contrast to 127I and heavy metals Pb and Ni which decrease, with height in the middle troposphere. This
suggests that the source of the deposited 129I is located in the upper troposphere. A hypothetic
interpretation of the observed 129I proﬁle is provided.
1. Introduction
129I, a long-lived radioisotope of iodine with a half-life of 15.7 Ma, released into the atmosphere by human
nuclear activities provides a unique window to trace the dispersion of volatile pollutants in the atmosphere
to remote areas, such as the alpine glaciers in the Tibetan Plateau and arctic regions (Fourré et al., 2006; Dong
et al., 2015). Investigating the levels, sources, and pathways of the anthropogenic pollutants in the Tibetan
Plateau snowpack and ice cores is of importance for better understanding the large range response on spatial
and temporal scales, and thereby protecting, of the environment in the Third Polar Regions (Elmore et al.,
1982; Koide et al., 1979; Yao et al., 2012).
This work aims to evaluate the level and source of 129I deposition in the snowpack at a remote Tibetan
Plateau glacier, which may have been released into the environment from atmospheric testing of nuclear
weapons, nuclear reprocessing facilities, and nuclear accidents. At present, the sources of 129I in the
environment are dominated by human activities, with a total inventory of ∼6,100 kg released mainly by
reprocessing of nuclear fuel (He et al., 2013; Hou et al., 2013); 99% of 129I was released into the
environment from nuclear fuel reprocessing plants, compared to <1% (57 kg) from nuclear weapons
testing before the 1980s, the nuclear accidents at Chernobyl (1.3–6 kg) in 1986, and the Fukushima nuclear
accident (1.2 kg) in 2011 (Hou et al., 2013; Snyder et al., 2010). 129I is released into the environment mainly
in liquid form and up to 30% in gaseous form. A small fraction (<30%) of 129I possibly converts into
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particulates during transport, which have large residence time and can be dispersed over large distances
(Aldahan et al., 2009; Keogh et al., 2009; Masson et al., 2011; Reithmeier et al., 2006). In the case of the
Fukushima accident, since violent explosions occurred at very high temperatures (more than 1400°C),
radioisotopes were ﬁrst expelled and dispersed to the atmosphere. However, 129I released into the lower
troposphere has a much smaller residence time of about two weeks, as demonstrated by the increased
concentrations of 129I found in the Northeast British Columbia of Canada (Herod et al., 2015). For the radio-
isotope fraction injected into the stratosphere the transit time back to the troposphere is of the order of
years and the transport at this high altitude contributes to the 129I dispersion over the globe (Blinov et al.,
2000), and probably to the remote alpine glaciers in the Tibetan Plateau, as the data presented later in this
study show. Much research on radioiodine dispersion in the atmosphere has been carried out on 129I
deposition in Europe, Japan, and the Antarctic, and at a small number of sites in China, through analysis
of aerosol, precipitation and ice core. The main research focus has been Europe. As the 129I/127I isotopic
ratios will not change during the transport processes, and change of the ratios is due to an additional
source with different 129I/127I isotopic ratio. Experimental data on radioiodine in central Asia, especially
in the high mountains of the Tibetan Plateau, are very sparse. In particular, variation of 129I distribution
in the troposphere is unclear.
In this study, we measured the concentration measurements of 129I, together with 129I/127I atomic ratios,
deposited in the fresh snow at various altitudes, in the Laohugou glacier basin, western Qilian Mountains,
northeast Tibetan Plateau. This unique data set provides the ﬁrst evidence how 129I deposition varies with
height in the middle troposphere, and a glimpse on the dispersion and pathway of anthropogenic
radioiodine pollutants to the remote Tibetan Plateau glaciers. The data set is thus an important addition to
the global 129I database. The observations at Laohugou show that 129I increases, in contrast to 127I and heavy
metals Pb and Ni, which decrease, with height in the middle troposphere. This suggests that the source of the
deposited 129I is located in the upper troposphere. A hypothetic interpretation of the observed 129I proﬁle
is provided.
2. Methods and Data
We collected surface fresh snow samples on the slopes of Laohugou Glacier No.12 (39°200N, 96°340E),
northeast Tibetan Plateau, in summer (July–September) 2016. Laohugou Glacier No. 12 is located on the
northern slope of the Qilian Mountains with typical continental climatic conditions (Dong et al., 2015). The
samples were collected at 10 different elevations along the glaciers (Table S1) at 100-m elevation intervals
from 4,300 to 5,040 m a.s.l. (above sea level). At each elevation site on the glacier, ﬁve samples were collected
immediately after the precipitating snow event on 25 July, 21 and 27 August, and 13 and 16 September.
Besides, two-times fresh snow samples of 129I distribution were collected in 10 June and 21 July 2017 for
comparing the 129I variability with height in the middle troposphere between different period fresh-snow
(nine samples; see Table S1). Fifty-nine samples were collected in total. A precleaned stainless-steel shovel
and low-density polyethylene bottles (Thermo Scientiﬁc) were used for the sample collection. The sampling
instruments were cleaned between intervals. All samples were kept frozen until transported to the laboratory
for analysis.
The samples were then melted at room temperature in a research vessel laboratory and transferred to 2 L
polyethylene bottles, which were sealed before analysis. All samples were ﬁltered through a 0.45 μm
membrane, and the ﬁltrate was used for analysis. 129I standard solution (NIST-SRM-4949c) was purchased
from the National Institute of Standards and Technology (Gaithersburg, MD). Total iodine was separated
from fresh-snow meltwater. The diagram of the analytical procedure is schematically similar to Zhang
et al. (2011) and Xing et al. (2015). 129I/127I atomic ratios in the prepared targets were measured by the
accelerator mass spectrometry (AMS) using the 3MV Tandem AMS system at the Xi’an AMS center.
Measurement uncertainty, 129I/127I standards materials, and procedure blank analyses are also shown in
the supporting information.
Total iodine (127I), Pb, and Ni concentrations in snow were determined by inductively coupled plasma-mass
spectrometry (ICP-MS) in 1% NH3 medium. A detection limit of 0.02 ng/ml for
127I was obtained. The
measurement method was similar with ICP-MS as previous study (Dong et al., 2015).
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3. Results and Discussion
3.1. 129I Level and Elevational Distribution
129I concentration in the snow samples ranged from 1.92 × 107 to 15.1 × 107 at L1, with an average of
6.45 × 107 at L1, while 129I/127I atomic ratios in the samples ranged from 1.19 to 9.23 × 108, with an average
of 4.05 × 108. The results are listed in Table S1. Compared with the 129I data from a nearby low-elevation
urban station (Xi’an city, 340 m a.s.l.), our measurements show a wider range of variation. While the 127I con-
centration in the glacier snowpack was much lower than at the urban station, many samples showed a higher
129I concentration in the glacier snowpack, especially in 129I/127I atomic ratio, when compared with that of
the Xi’an city station (Figure 1).
We also found a clear elevation-related change in 129I deposition on the glacier surface. Figure 2 shows the
elevational distributions of 129I concentration, 129I/127I atomic ratio, and 127I concentration, and, for compar-
ison, those of two heavy metals (Pb and Ni), in both 2016 and 2017. It is seen that the 127I concentration gen-
erally decreases with height. Also, the concentrations of the two heavy metals, as well as many other trace
elements in the glacier snowpack (Dong et al., 2015), decrease with height. Such distribution of 127I concen-
tration is likely related to the vertical distribution of 127I in the atmosphere and is often also closely related to
the accumulation of the element on the glacier terminal surface during glacier melting in summer
(Figures 2c–2e). But as we were working with fresh snow samples, snow melting is weak and the inﬂuence
due to snow melting can be neglected. Therefore, the elevational distributions of 127I and 129I in the snow
samples are related to their distribution in the middle troposphere. Moreover, the elevational distribution
of the 129I/127I atomic ratio in the snow is very different from that of 127I (Figure 2b), showing a clear increas-
ing trend with elevation rise, with the highest 129I concentration and 129I/127I atomic ratios appearing at
4,900–5,000 m a.s.l. (near glacier top). This indicates that the 129I found in the snow samples is mainly from
the snow falling in the middle and upper troposphere (maybe even higher than 6,000 m a.s.l.). At other ele-
vations of the glacier surface and upper atmosphere (>5,000 m a.s.l.), the 129I concentration and 129I/127I
atomic ratios somewhat decreased. Moreover, we also measured two-times fresh snow samples of 129I distri-
bution in summer 2017 for comparing the 129I variability with height in the middle troposphere between dif-
ferent period fresh-snow (Figure 2d). We ﬁnd that two-times precipitating fresh snow in June and July 2017
also reveal very similar 129I and 127I concentration distribution along with the elevation change (Figure 2 and
Table S1). There is variability between samples of different time; however, it indicated the general coincident
change trend with the elevation rise, both demonstrating higher 129I level in the elevation range 4,900–
5,100 m a.s.l. than that in lower elevations.
Figure 1. Map showing the location of the Laohugou glacier basin (LHG) in northeast Tibetan Plateau and surrounding
cities in western China. Large cites and arid deserts in the region are also indicated in the ﬁgure.
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3.2. Comparison With 129I and 127I Deposition in Various Global Locations
We found the 129I/127I atomic ratios in fresh snow on the Laohugou glacier surface ([1.19–9.23] × 108) to be 2
orders of magnitude higher than those in Antarctic snow ([6.8–9.5] × 1010; Xing et al., 2015) and 4 orders of
magnitude higher than the prenuclear level (1.5 × 1012), indicating a predominantly anthropogenic source
of 129I in the Laohugou glacier environment.
But the 129I level in the fresh snow on the Laohugou glacier surface is 1–2 orders of magnitude lower than
that observed at midlatitude European locations. Figure 3 compares the 129I concentrations and 129I/127I
atomic ratios, respectively, in the Laohugou glacier snowpack with those found in rain, alpine ice core, glacier
snow, and river snow at a number of locations around the globe (Figures 3a and 3b). The highest levels were
observed in Europe: (2.8–56.3) × 108 at L1 for 129I concentrations and (0.50–7.65) × 107 for 129I/127I atomic
ratios in Denmark, (12.1–195) × 108 at L1 for 129I concentrations and (1.6–24) × 107 for 129I/127I atomic
ratios in Germany, and (2.1–445) × 108 at L1 for 129I concentrations in Zurich (Switzerland). The high 129I
levels in the European precipitation and ice core can be attributed to strong releases of 129I in the atmo-
spheric boundary layer from the reprocessing plants (Hou et al., 2013), including those at La Hague and
Macoule (France) and Sellaﬁeld (United Kingdom), as well as the reemission of 129I discharged to the sea from
some of the reprocessing plants.
Our results do not show signiﬁcantly higher values than those observed at other sites in Asia (e.g., western
Chinese cities and Japan), though they are somewhat higher (especially 129I/127I atomic ratios) than those
of the nearby Xi’an city (Figure 3). Previous research showed that 129I in precipitation at Akita, Tokyo, and
Figure 2. Elevational distributions of (a) 129I level, (b) 129I/127I atomic ratios, and (c) 127I level in the fresh snowpack of
Laohugou glacier basin from 4,200 to 5,100 m a.s.l. in summer 2016, and also the two-times sampling of (d) 129I
distribution in 2017 showing comparison and variability between precipitating-snow incidents. Also, the corresponding
elevational distributions of heavy metal (e) Pb and (f) Ni concentrations in summer 2015 are shown for comparison. The
date for fresh snow sampling is shown also in Table S1.
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Tsukuba (Japan) was (0.5–8.2) × 108, (0.2–7.2) × 108, and (0.6–11.3) × 108 at L1, respectively, while a
much lower 129I/127I ratio of (0.08–0.64) × 108 with an average of 0.26 × 108 was observed at Ishigaki
(Japan, 24.4°N, 124.2°E) in 1990–2003, a low-latitude site. The high 129I level in the midlatitude region in
Japan was attributed to the atmospheric releases from the Japanese reprocessing plant at Tokai (Toyama
et al., 2012). The Fukushima nuclear accident in March 2011 released a large amount of radioactive pollutants
into the environment (Hou et al., 2009). Among the pollutants, 129I is a long-lived radionuclide, which will
remain in the environment for many years. Therefore, the Fukushima nuclear pollutants may also be a source
of 129I deposition to the Laohugou glacier snowpack.
Moreover, as shown in Figures 3c and 3d, we also compared our result of 129I and 127I composition with the
seawater and of European precipitation (Michel et al., 2012), surface water, and groundwater, and topsoil
from Lower Saxony analyzed during the project StSch 4285 (Michel et al., 2004, 2005), to interpret the ﬁnger-
print of the iodine. We ﬁnd that the 129I/127I and the 129I are strongly correlated, implying one unique signif-
icant source of 129I added to the 127I. The correlation does not ﬁt to the European precipitation data. We also
found by such plots that 129I/127I and 127I are not well correlated. The 127I concentrations are very low
(Figure 3c), pointing to a continental source to which the 129I is added by releases (Figures 3c and 3d).
3.3. Discussions of Sources and Dispersion Mode for 129I in the Troposphere
Anthropogenic pollution 129I is a long-lived radioisotope of iodine released into the environment from both
nuclear weapons testing and nuclear reprocessing facilities. As 129I exists in the atmosphere in gaseous or
submicronic liquid/solid particulates, its residence time in the atmosphere can vary from a few weeks to
many years depending on the atmospheric removal processes. A fraction of the 129I, which reaches the upper
atmosphere can be circulated around the global and eventually deposited to remote areas, such as the
Laohugou glacier basin. It is thus unlikely to relate the deposited 129I in the Laohugou glacier basin to indi-
vidual 129I sources. Xing et al. (2015) showed that 99% of anthropogenic 129I was released into the
Figure 3. Comparison of (a) 129I level and (b) 129I/127I atomic ratios in the Laohugou glacier snowpack with precipitation, river, and alpine snow and ice core in glo-
bal locations. (c and d) Comparing with ﬁngerprint of the seawater and of European precipitation (Michel et al., 2012), surface water, and groundwater, and topsoil
from Lower Saxony analyzed during the project StSch 4285 (Michel et al., 2004, 2005). The dotted red lines are eye-guides for the results for seawater.
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atmospheric boundary layer from nuclear fuel reprocessing plants, mostly in Europe. It is thus understand-
able that the 129I levels in the European precipitation and ice core samples are the highest in the world.
The 129I released by nuclear weapons testing before the 1980s and the nuclear accidents at Chernobyl in
1986 and Fukushima in 2011 constituted a smaller 129I emission source. All these sources are located in
the Northern Hemisphere midlatitude, and thus, the 129I released from these resources are probably circu-
lated around the globe primarily in the westerlies and probably reached the upper troposphere through
the pathways of either (i) released directly into the upper troposphere, (ii) transferred from the stratosphere
back to the troposphere, or (iii) diffused upward from the lower troposphere due to, for example, frontal or
convective activities. The Laohugou glacier basin is located in a region where the Tibetan Plateau can have
an important climatic inﬂuence. The observations from the Laohugou glacier basin and the Xi’an city
(Zhang et al., 2011) suggest that the 129I levels in western China is much lower compared with the
European locations, although much higher than in the Antarctic (Figures 3a and 3b).
Figure 4 shows a plausible explanation for the 129I observations in the Laohugou glacier basin. It is most likely
that the 129I deposited there is originated from Europe, which is then transported from the source region by
the westerly ﬂows to the remote areas of northeast Tibetan Plateau. The Fukushima nuclear accident in 2011
may also played a role, as 129I can be circulated around the globe many times before it is removed. Figure 4a
shows a likely proﬁle of 129I in the atmosphere. As 129I is mainly released into the atmospheric boundary layer,
the 129I maximum is likely to be located near the surface and the 129I levels decreases with height. As a small
portion of 129I is released directly into the upper troposphere or the stratosphere and then transferred back to
the upper troposphere, a local maximum there likely exists. As the 129I observations made in Europe and
Japan are mostly made at relatively small altitude (<3,000 m a.s.l.) close to the emission sources, the relatively
high 129I levels are understandable. In the Laohugou glacier basin, there are no near-surface sources and the
observed 129I is most likely associated with the local maximum in the middle and upper troposphere. The
Tibetan Plateau probably also played a large role in the existence of the local maximum, as the dynamic effect
of the plateau can force the upstream near-surface air with relatively high levels of 129I to ascend along the
isentropic surface to reach the middle to upper atmosphere. From there, 129I falls with precipitating snow in
solid, liquid, and/or sometimes gaseous form. This explains why the level of 129I in snowfall increased with
elevation from 4,300 to 5,100 m a.s.l. with a maximum at 4,900–5,000 m a.s.l. The global data set of 129I levels
(Figures 3a and 3b) imply that twomajor sources of 129I exist in the atmosphere, one in the lower troposphere
associated with emissions from nuclear reprocessing plants (mode 1, short residence time) and the other of
long-living 129I in the upper troposphere (mode 2, long residence time; Figure 4). The dispersion of 129I in the
Figure 4. Conceptual model for explanation of 129I distribution in the Laohugou glacier basin. (a) Typical proﬁle of long-
lived 129I in the atmosphere in remote areas away from surface 129I sources, with a maximum in the middle to upper
troposphere. (b) Typical proﬁles of 129I in the atmosphere associated with near surface emission of 129I from reprocessing
plants. (c) A combination of 129I proﬁles shown in (a) and (b).
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atmospheremay be a combination of these twomodes. The Laohugou 129I data set is an addition to the exist-
ing global 129I data set to achieve a more complete view on the transport, dispersion, and removal of 129I in
the atmosphere.
4. Conclusions
We collected fresh snow samples in the Laohugou glacier basin in summer 2016 and 2017 and analyzed 129I
and 127I levels and organic forms. It is found that the 129I/127I atomic ratios in the fresh snow deposited on the
Laohugou glacier basin ((1.19–9.23) × 108) are about 2 orders of magnitude higher than those in the
Antarctic snow ([6.8–9.5] × 1010) and 4 orders the prenuclear level (1.5 × 1012). This indicates a predomi-
nantly anthropogenic source of 129I in the mountain glacier environment of the northeast Tibetan Plateau.
The 129I levels we measured are 1–2 orders of magnitude lower than those at European locations, but com-
parable with those at sites in Asia (e.g., western Chinese cities and Japan), though somewhat higher (espe-
cially 129I/127I atomic ratios) than in Xi’an city, a nearby low-elevation location. Elevation change of 129I/127I
atomic ratios and 129I concentration showed a clear increase with elevation from 4,300 to 5,100 m a.s.l., with
the highest appearing at 4,900–5,000 m a.s.l.
Results suggest that the 129I collected in the Laohugou glacier basin is probably deposited with snow fall
from the upper troposphere long living 129I. We suggest that two major sources of 129I may exist in the atmo-
sphere, one related to the lower elevation emission of present reprocessing plants and the other of long-
living 129 I in the upper troposphere. The lower tropospheric 129I has a relatively short residence time, while
the upper tropospheric 129I has a large residence time and can circulate around the globe and eventually
deposited to the remote areas such as the Laohugou glacier basin. The dispersion of 129I in the atmosphere
is combined by these two modes. This interpretation explains not only the differences between the different
129I levels observed at different location around the global but also the 129I vertical proﬁle observed at
Laohugou, that is, the 129I increase with elevation in contrast to 127I and heavy metal proﬁles. Through this
work, we provide an addition to the global 129I data set and a more complete view on the transport, disper-
sion, and removal of 129I in the atmosphere, especially the long-living 129I in the upper troposphere.
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